A series of pockmarks observed at the seabed matches well the perimeter of a large submarine landslide, called NG1, located on the outer shelf and continental slope of the Eastern Gulf of Guinea. NG1 extends over 200 km2, is covered by a 120-m thick sedimentary layer which tapers downslope, and has an internal structure clearly identified in 3D seismic data consisting of three adjacent units on the upper continental slope. The pockmarks above NG1 have a diameter of several tens of meters and reveal distinct origins: (1) linked to >500 m deep fluid reservoirs, (2) rooted in NG1 internal discontinuities between NG1 units, and (3) well above NG1, superficially rooted in a regional conformity (D40), which marks the lowest sea level of the Marine Isotope Stage 6. The regional stratigraphic pattern of the study area is composed of muddy sedimentary sequences separated by correlative conformities and transgressive condensed units of coarser grain size. Mud-confined coarser-grained units constitute transient gas reservoirs favoring lateral gas migration and formation of pockmarks rooted in the condensed units. The buried NG1 landslide modifies the layered structure of the sedimentary column providing (1) overall, a barrier to fluid migration, and (2) localized pathways for fluid migration. The triggering factor for the formation of pockmarks above NG1 can be the variation of hydrostatic pressure driven by relative sea-level fall during Marine Isotopic Stages 6 and 2 and consequent gas exsolution and fluid flow. We anticipate our result to be a starting point for understanding the role of gas seeps on climate change worldwide. Furthermore, gas release intensifies during lowstands with relevant implication on global warming after ice ages.
Introduction
Since the 1970s, studies of the ocean floor have revealed the presence of pockmarks on passive and active continental margins worldwide. Pockmarks are described as circular or near circular depressions, generally 10-200 m in diameter and some tens of meters in depth, but they may reach 1.5 km in diameter and 150 m in depth (Pilcher and Argent, 2007) . When pockmarks are observed in vertical section (seismic profile), they are associated with a vertical chimney under the depression (Hustoft et al., 2007) . In seismic sections, chimneys are characterized by either an interruption of seismic reflectors due to the gas charge (wipeout zone) (Hovland, 1983 , Hovland, 1991 and Rao et al., 2001 ), or by an inflection of seismic reflectors (Hovland et al., 1984) corresponding to a velocity pull down effect or to a deformation of sedimentary layer where fluids migrate.
Since the first study about pockmarks (King and MacLean, 1970) , where they were considered as randomly distributed features at the seafloor, their understanding has evolved. It is now widely accepted that pockmarks represent the morphological signature of fluid seepage (Hovland et al., 1984) , where fluid may be biogenic and/or thermogenic gas (Rogers et al., 2006) or water (Harrington, 1985) . During recent years, there has been much interest in the study of pockmarks because they represent potential pathways for important quantities of gas from sediments to the oceans (e.g. Vogt 
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The study area is on the continental shelf and slope of the ENSD, roughly 65 km offshore, 114 between 150 and 800 m water depth, and it covers 2350 km 2 . Three prominent structural 115 folds are formed by shale-cored anticlines expressed by collapse normal faults faintly 116 discernable at the seabed (folds EA, EB, EC, Fig. 1 ). These shale-cored folds delimit a large 117 corridor where submarine landslides and fluid-migration features are present. 118
The ENSD consists of a stack of mud-dominated sedimentary sequences separated by 119 marked erosional surfaces on the continental shelf (D10, D20, D30, D40 and D50 from 120 bottom to the top; Fig. 2a ). The shelfal unconformities, formed during sea level falls and 121 lowstands, correspond seaward to correlative bounding conformities that have regional 122 extent. The conformities are marked by high amplitude reflectors in seismic data and 123 correspond to thin sedimentary units, deposited during sea level rise periods, relatively 124 coarser-grained than over and underlying sediment (Riboulot et al., 2012) . 125
Pockmarks in the ENSD are related to gas hydrate dissolution/dissociation, dewatering, 126 presence of fault systems, buried mass transport complexes and fluid escape from petroleum 127 reservoirs (eg., Sultan et al., 2010; Riboulot et al., 2011a) . A large number of 128 pockmarks is observed on the bathymetric map above a Mass Transport Complex called 129 NG1 and mapped in Garziglia et al. (2010) . 130 . NG1 affects the whole depositional 137 sequence S2 between the seismic reflectors D10 and D20, the latter being ascribed to a 138 silty/sandy layer deposited during the sea level rise between MIS10.2 and MIS9.3 (Riboulot 139 et al., 2012) . The fact that this silty/sandy layer has been disrupted but kept its stratigraphic 140 position suggests that it has undergone little deformation during the emplacement of the NG1 141 landslide (Ker et al., 2010) . 142
The NG1 landslide
Seismic signature of gas in marine sediment
143
The localized accumulation of free gas in marine sediments often yields anomalous seismic 144 signatures, making seismic methods a useful tool for the identification and characterization of 145 the sub-seafloor 'plumbing system' beneath seep sites. Gas may appear as amplitude 
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Geophysical data
164
The primary source of data is conventional, industrial 3D seismic reflection data provided by 165 TOTAL. These data come from three reprocessed exploration 3D seismic surveys having an 166 inline and crossline spacing of 12.5 m. The dominant frequency of the seismic data is 70 Hz 167 in the upper 100 ms, giving a vertical resolution of ~10.5 m (at a velocity of 1500 ms -1 ). The 168 bathymetry used to characterize seafloor morphologies is extracted from seafloor-reflector 169 picking within 3D seismic data and has horizontal resolution of 12.5 m (Fig. 1) . 170
Additionally, High Resolution 2D seismic data were acquired during the ERIG3D cruise using 171 the SYSIF, a recently developed deep-towed acquisition system (Marsset et seismic reflectors D10 (below) and D20 (Fig. 2a) . The seismic reflector D10 at the base of 215
The seismic reflector D20 is more discontinuous although always traceable at the top of 217 NG1. In some areas, D20 appears as a sharp, smooth surface, while in other areas it has a 218 rough, hummocky geometry (Figs. 2, 3a and Appendix A1). The discontinuous character of 219 D20 reflector, showing the thin coarser sedimentary unit deposited during a sea level rise 220 period is discontinuous too, demonstrates that the landslide occurred after this highstand 221 period. NG1 body is generally characterized by lower amplitude, more discontinuous and 222 chaotic seismic reflections ( Fig. 3b and Appendix A2 and 3). The isopach map of the seismic 223 sequence S2 bounded by reflectors D10 and D20 reveals the complex morphology of NG1 224
by showing that its thickness varies from about 10 m to 70 m (Fig.3c) . By combining 225 analyses of vertical seismic sections, isopach and attribute maps, NG1 can be divided into 226 four major areas from north to south ( 
and references therein). 258
In situ piezocone data show that the high amplitude reflectors D10 and D20 correspond to 259 silty/sandy layers because they are characterized by high tip resistance, high friction and low 260 pore pressure (see CPT09S07 and CPT09S08 data in Fig. 5 ). The reflector D40 is not 261 detected by in situ piezocone data. 262
Calypso core CS18 intersects the regional reflector D40 and shows that its high amplitude 263 can be correlated to a silty/sandy layer at 7 mbsf. The gamma density of this silty/sandy layer 264 measured in the core is 1.650 g.cm . Figure 5a shows that core CS18 reaches NG1 deposits 265 below reflector D20 marking its top at 17 mbsf. In agreement with piezocone results, core 266 analysis reveals that D20 reflector corresponds to a silty/sandy layer (Fig. 5a ). 267
The calypso core CS31 (10.56 m long) was collected outside NG1 ( Fig. 5 and Appendix B). 268
By contrast to the observations made on core CS18, the presence of a silty/sandy layer at 10 269 mbsf in core CS31 cannot be correlated to the seismic reflector D40, which intersects the 270 core at about 8 mbsf. The gamma density of the silty/sandy layer measured in the core has 271 relatively low values (1.500 g.cm In the study area, we distinguish three groups of pockmarks based on their distribution and 284 origin: 1) random pockmarks (RP) deeply rooted in the sedimentary column; 2) random 285 pockmarks rooted in the conformity surface D40; and 3) non-random pockmarks (NRP) in 286 connection with the NG1 landslide (Fig. 6d) . 287
Deeply rooted random pockmarks 288
We identified as random pockmarks 114 out of the 531 pockmarks present in the study area 289 (21% of the total number of pockmarks). Random pockmarks are regular cone-shaped 290 pockmarks with a diameter ranging from 10 to 200 m. Some of them occur at the seafloor 291 while other are buried (Fig. 4c) . Most of these pockmarks occur in the southern portion of 292 Area 3 and they are restricted to areas affected in depth by small shale folds (Fig. 6c) . They 293 seem rooted on these small folds. Some chimneys associated to the random pockmarks 294 cross the NG1 landslide, others terminate in the sedimentary layers underlying NG1 (Fig.  295   6c) . The vertical chimney of this group of pockmarks can be up to 200 m high. Chimneys are 296 characterized by a downward deflection or an interruption of seismic reflectors. 297
Random pockmarks linked to the D40 reflector 298
We count 263 pockmarks out of the 531 in the study area (49% of the total number of 299 pockmarks of the study area) that affect only the youngest sequence S5 with chimneys 300 rooted in the D40 reflector. These pockmarks are similar in morphology to all the others, but 301 have smaller sizes; their diameters range from 10 to 100 m with a depth less than 10 m 302 (Figs. 4 and 6 ). Vertical chimneys of this group of pockmarks cross-cut the whole 303 sedimentary sequence S5 so they are about 50 m high. Chimneys are characterized by 304 downward deflections and low amplitudes of seismic reflectors. The 2D HR seismic dataset 305 provides better images of pockmark chimneys that are undoubtedly rooted in the D40 306 reflector ( Fig. 7 and Appendix B). 307
Non-random pockmarks linked to NG1 308
A series of NW-SE alignments of pockmarks matches with the perimeter and the internal 309 structure of NG1 landslide (Fig. 4c) . These pockmarks are rooted in the discontinuities 310 present within the NG1 landslide, at the limits between the western, central and eastern NG1 311 internal units and may either reach the seafloor or end in the D40 reflector (Fig. 6 ). Non-312 random pockmarks linked to NG1 are sub-circular seafloor depressions corresponding in 313 depth to seismic reflector packages with a local downward deflection. Their crater has a 314 diameter of 10 to 140 m with a depth of about ten meters. 315
In total we note 154 pockmarks, 29% of the total number of pockmarks of the study area, 316 whose chimney begins in discontinuities within NG1 landslide at the contact between the 317 three internal units (Western, Central, and Eastern). Of these 154 pockmarks, 85 are rooted 318 at the transition between NG1 and the surrounding sediments, that is along NG1 perimeter, 319 while 69 originate in correspondence with the limits of the internal units (Fig. 4c) . In addition, 320 of these 154 pockmarks, 87 end up on the surface D40 and 67 at the seabed. 321
Chimneys of this group of pockmarks are characterized by a downward deflection or an 322 interruption of seismic reflectors associated to an alternation of low and high amplitude 323 anomalies in the center of the chimneys (Fig. 6 ). Figure 8 shows that free gas is present at levels P3, P4 and P5 for PZS 13 and 342 levels P2, P3, P4 and P5 for PZS14. 343
For PZS13, pore pressure fluctuations generated by the 15-days tidal cycle recorded by P3, 344 P4 and P5 show that the highest amount of free gas occurs at P3 (Fig. 8a) which fits with the 345 D40 reflector (see Fig; 5 and Appendix B). 346
Data recorded by PZS14 (Fig. 8b) show the 15-days tidal cycle recorded by P2 to P4. Here, 347 the highest amount of free gas occurs at P4 and P5, which are located around D10 and D20 348 CPTu data by a silty/sandy layer and in piezometer data by the presence of free gas. This 368 layer was deposited during the sea level rise that followed the MIS 6 glacial interval (Riboulot 369 et al., 2012). 370 between the NG1 internal units (Fig. 4c) . Indeed, the Area 3 of NG1 in the upper 376 continental slope is composed of three units. The central unit is much less affected by 377 deformation than the two peripheral units: it is layered and underwent a translational 378 motion to the south without changing its original structure. The internal discontinuities 379 between the three parts are the preferential pathways for fluid migration. 380 -NG1 landslide overlays a silty/sandy permeable layer (seismic reflector D10) with 381 evidence (piezometer and seismic data interpretation) of fluid circulations and free 382 gas occurrences (Figs. 5, 6, 8 and Appendix B). This basal layer, covered by 383 impermeable shale layer, can play the role of gas storage area. 384 -Sediment failure of NG1 landslide occurs during sea level fall where free and 385 dissolved gas may generate important excess pore pressure due to gas exsolution 386 and expansion, with a mechanism that could be similar to that proposed for Ana Slide 387 in the Balearic Islands (Lafuerza et al. 2012) . 388
The interplay of NG1 landslide and fluids within sediment
Fluids use preferential migration pathways such as discontinuities created by a landslide to 389 migrate to the surface as outlined by the geographical distribution of the pockmarks rooted in 390 the NG1 landslide (Fig. 4C ) and the rooting of many chimneys in NG1 landslide (Fig. 7) . This 391 is consistent with models for pockmark conduits as pipe-like zones of enhanced fracturing 392 Pockmark formation may occur in the catastrophic way initially proposed by Hovland (1987) . 460
The same process during the Marine Isotope Stage 2 could originate pockmarks observed at 461 the seabed and rooted either in D40 or in D10 surfaces. 462
Model of pockmark formation linked to a landslide
463
For the formation of pockmarks above the NG1 landslide, we propose a scenario consisting 464 of five phases taking into account temporary gas storage, preferred pathways of gas 465 migration, the role of sediment deformation and failure, and the influence of relative sea-level 466 changes. 467
Phase 1 (Fig. 9a) Phase 2 (Fig. 9b) -A condensed layer is formed during sea level rise on top of lowstand 474 shoreface prisms and coeval distal marine deposits. After burial, the condensed layer with 475 grain size coarser than encasing sediment becomes a potential fluid reservoir. This is the 476 case, for example of the condensed unit marked in seismic data by the reflector D10. 477
Phase 3 (Fig. 9c ) -During the following sea level fall, the decrease of the hydrostatic 478 pressure in the transient fluid reservoir above D10 induce an important increase of the pore 479 pressure and therefore an important decrease of the effective stress. This layer becomes a 480 weak layer; a part of the continental slope is destabilized reaching the outer shelf. The NG1 481 landslide has a complex internal organization with distinct less permeable units (due to 482 partial reworking of sediments during sliding) and discontinuities between the units that 483 constitute preferential paths for fluid escape. 484
Phase 4 (Fig. 9d) -After two 100 kyr climatic cycles, the landslide is buried and the 485 underlying sedimentary layer has charged again in gas. During the lowstand MIS 6.2, many 486 pockmarks are formed through the discontinuities created by the NG1 landslide. The 487 presence of a landslide deposit with less permeable layers and internal discontinuities may 488 influence both gas pressure increase, and gas release through preferential paths. The 489 presence of a landslide becomes the controlling factor of the non random organization of 490 pockmarks. 491
Phase 5 (Fig. 9e) The integrated study of pockmarks provides the first detailed evidence of the implication of a 517 landslide into the development of a pockmark field. The spatial distribution of pockmarks can 518 be controlled by a buried landslide deposit in a comparable way of pockmark alignments 519 depending on underlying channels. The processes of pockmark formation imply the 520 concomitant action of several factors: (1) a gas source, (2) preferential gas migration 521 pathways, (3) gas accumulation zones and (4) global sea-level change. 522
Our results provide useful information about the role of sea level changes and indirectly 523 climate change on gas seeps: gas release intensification during sea level lowstand can have 524 relevant implication on global warming after ice ages. 525 
